1. Introduction {#sec1}
===============

Protein tyrosine phosphatase 1B (PTP1B) has emerged as a major negative regulator of insulin and leptin sensitivity, acting by dephosphorylation of the insulin receptor (IR) and leptin receptor-associated Janus kinase 2 (JAK2), respectively [@bib1], [@bib2]. PTP1B inhibition has been proposed as a promising drug target for type 2 diabetes mellitus (T2DM) and obesity since its deficiency in mice enhanced insulin sensitivity and conferred resistance to diet-induced obesity [@bib3], [@bib4]. Regarding hepatic homeostasis, the importance of PTP1B in various cellular processes such as insulin resistance [@bib5], [@bib6], lipogenesis [@bib7], and the balance between death and survival in hepatocytes [@bib8], [@bib9] has been extensively studied. Global PTP1B deficiency protects from hepatic steatosis and improves hepatic regeneration in mice fed high fat diet (HFD) [@bib10]. Likewise, hepatocyte-specific PTP1B-deficient mice presented improved glucose and lipid homeostasis, in part by reduction of hepatic endoplasmic reticulum (ER) stress markers induced by HFD feeding [@bib7]. On the other hand, PTP1B is also a key modulator in immune cell signaling that controls cytokine-mediated signaling pathways by dephosphorylation of JAK2, the non-receptor tyrosine-protein kinase 2 (TYK2), and signal transducer and activators of transcription 5 and 6 (STAT5 and STAT6) [@bib11], [@bib12], [@bib13]. These studies shed light of a dual role of PTP1B in metabolic diseases though its different actions in non-immune and immune cells.

Non-alcoholic fatty liver disease (NAFLD) is considered the hepatic manifestation of the metabolic syndrome since it is strongly associated with obesity, insulin resistance, T2DM, and cardiovascular complications [@bib14]. Due to the increase in the incidence of metabolic syndrome, NAFLD has become the most frequent chronic liver disease in Western countries, therefore representing an important public health problem [@bib15]. At a molecular level, the hypothesis describing the molecular mechanisms involved in NAFLD progression was proposed by Day et al. [@bib16] and is known as the "Two Hit Hypothesis". The presence of fat in \>5% of hepatocytes [@bib17] is considered the first hit. The second "impact" involves inflammation, necrosis, and activation of the fibrogenic cascade, which leads to non-alcoholic steatohepatitis (NASH) characterized by a robust proinflammatory component in the hepatic tissue, as well as by hepatocyte ballooning. NASH can progress to more severe and irreversible stages of the disease such as fibrosis and cirrhosis [@bib16]. Thus, elucidation of the molecular mechanisms involved in disease progression is urgently needed to identify new targets and implement efficient therapies. In this regard, the role of PTP1B during the progression of NAFLD beyond simple steatosis (fatty liver) and particularly in the NASH stage, where lipid overloaded hepatocytes coexist with activation of non-parenchymal immune cells (NPCs) [@bib18], remains poorly characterized.

NAFLD progresses to NASH when adaptive mechanisms that protect hepatocytes from fatty acid-mediated lipotoxicity become overwhelmed, and the ratio of hepatocyte death/regeneration becomes unbalanced. Self-renewal of hepatocytes is the main mechanism responsible for the maintenance of liver mass homeostasis after an acute liver injury. However, in conditions of chronic liver damage, this capacity for self-renewal is exhausted leading to an insufficiency in liver function. In those conditions, adult hepatic progenitor cells (HPCs), accounting for 1--3% of total liver cell pool, which could derive from normally quiescent true stem cell that reside in the biliary tree, are able to actively proliferate [@bib19], [@bib20]. HPCs are called oval cells in rodents because of their ovoid nucleus appearance [@bib21] and constitute a heterogenic population. They are bipotential progenitor cells that are able to differentiate towards mature hepatocytes and cholangiocytes. Thus, they represent a reserve compartment that is activated only when the mature epithelial cells of the liver are continuously damaged or inhibited in their replication or in cases of severe cell loss [@bib22]. Therefore, oval cells plasticity, repopulation capacity and differentiation potential keep high expectations for clinical strategies aimed to improve regeneration in chronic liver diseases including NAFLD.

A commonly used nutritional model of NASH is feeding mice a methionine/choline deficient (MCD) diet that induces hepatic steatosis, focal inflammation, hepatocyte necrosis, and fibrosis [@bib23]. These histological changes occur rapidly and are morphologically similar to those observed in human NASH [@bib24], but the use of MCD model for preclinical studies has been debated because of the induction of body weight loss [@bib25] in favor of the use of dietary intervention models of NASH accompanied by weight gain, insulin resistance, and other metabolic changes [@bib26]. However, as PTP1B-deficient mice do not develop hepatic steatosis and other metabolic disorders either on a HFD [@bib10] or during aging [@bib27], the direct role of this phosphatase in NAFLD development, specifically in the progression towards NASH, is difficult to evaluate in diet-induced obesity models. On that basis, the aim of this study was first to determine the impact of PTP1B deficiency in NASH evolution and regression using the MCD dietary challenge as a non-obese model of NASH and, second, to unravel an unknown role of PTP1B in the dynamics of oval cells proliferation during this stage of NAFLD.

2. Experimental procedures {#sec2}
==========================

2.1. Animals and diets {#sec2.1}
----------------------

All animal experimentation was conducted in accordance with Spanish and European legislation and approved by the CSIC and Comunidad de Madrid Animal Care and Use Committee. Wild-type (PTP1BWT) and PTP1B-deficient (PTP1BKO) mice were previously described [@bib4], [@bib27]. Mice used in this study were maintained on the same mixed genetic background (C57Bl/6 J × 129 Sv/J), in light/dark (12 h light/12 h dark), temperature- (22 °C) and humidity-controlled rooms, fed with standard chow diet ad libitum, and had free access to drinking water at the animal facilities of the Instituto de Investigaciones Biomédicas Alberto Sols (CSIC-UAM, Madrid). Male animals at the age of 10--12 weeks were divided in 6 experimental groups. Mice were fed either chow diet (CHD; SAFE A04-10 Panlab, Barcelona, Spain) or MCD (TD-90262 Harland-Tecklad, Indianapolis, IN, USA) for 4 (4wMCD) or 8 weeks (8wMCD). Then, 3 groups of mice fed MCD for 8 weeks were switched to CHD for 2 (8wMCD+2dCHD), 4 (8wMCD+4dCHD) or 7 days (8wMCD+7dCHD). Daily body weight and food intake were manually measured. At the end of the experiments, animals were sacrificed and tissues were removed, weighed, and frozen at −80 °C or fixed with 4% paraformaldehyde for further analysis.

2.2. Histopathology assessment {#sec2.2}
------------------------------

Paraffin-embedded liver biopsy sections (5 μm) were stained with Hematoxylin & Eosin and Masson\'s trichrome solution and evaluated by a single blinded hepatopathologist. All liver sections measured \>1.5 cm in length and showed more than 10 complete portal tracts. The percentage of hepatocytes containing lipid droplets was determined for each 10x field. An average percentage of steatosis was then determined for the entire specimen. Steatosis was assessed as outlined by Kleiner et al. [@bib28] grading percentage involvement by steatotic hepatocytes as follows: grade 0, \<5%; grade 1, 5--33%; grade 2, \>33--66%; and grade 3, \>66%. In addition, Brunt\'s histological scoring system was used to evaluate the degree of hepatocellular ballooning and lobular inflammation (grade of activity) as well as the stage of fibrosis [@bib29].

2.3. Determination of serum transaminase levels {#sec2.3}
-----------------------------------------------

Serum ALT activity was determined using Reflotron strips (Roche Diagnostics, Barcelona, Spain), accordingly with the manual instructions.

2.4. Determination of triglyceride content {#sec2.4}
------------------------------------------

Hepatic lipids were extracted as previously described [@bib30]. After purification, lipids were resuspended in isopropyl alcohol and triglycerides were analyzed with a colorimetric kit (Biosystems, Spain).

2.5. Patients {#sec2.5}
-------------

This study comprised 49 nondiabetic patients with a clinical diagnosis of NAFLD (NAFL and NASH) who underwent a liver biopsy by a percutaneous route during programmed cholecystectomy. This study was performed in agreement with the Declaration of Helsinki, and with local and national laws. The Institution\'s Human Ethics Committee approved the study procedures, and written informed consent was obtained from all patients before inclusion in the study (see Gonzalez-Rodriguez et al., 2014 [@bib31] for details).

2.6. Immunohistochemistry of liver samples {#sec2.6}
------------------------------------------

Liver sections (5 μm) were immunostained for Ki67 (1:200; M7240, Dako, Glostrup, Denmark) or cytokeratin 19 (CK19) (TROMA III monoclonal antibody, Developmental Studies Hybridoma Bank, University of Iowa), using the indirect peroxidase method as described by the manufacturer.

2.7. Quantitative real-time PCR analysis {#sec2.7}
----------------------------------------

Total RNA was extracted with Trizol^®^ reagent (Invitrogen, Madrid, Spain) and reverse transcribed using a SuperScript™ III First-Strand Synthesis System for qPCR following the manufacturer\'s indications (Invitrogen). qPCR was performed with an ABI 7900 sequence detector. Primer-probe sets for mouse *Cd36*, *Il6*, *Il1b*, *Tnfa*, *Ccl2*, *Il4*, *Il10*, *Arg1*, *Krt19*, *Epcam*, *Fgf21*, and *18s,* and for human *Krt19*, *Epcam*, and *18s* were purchased as predesigned TaqMan gene expression assays (Applied Biosystems, Foster City, CA, USA).

2.8. Isolation and analysis of non-parenchymal liver cells by flow cytometry {#sec2.8}
----------------------------------------------------------------------------

Non-parenchymal liver cells (NPCs) were isolated as previously described with slight modifications [@bib32]. Cells (0.3--0.5 × 10^6^ cells/test) were incubated with CD45-FITC (rat IgG, Beckman Coulter, Madrid, Spain), CD11b-(Mac1)-PECy7 (rat IgG2bk anti-mouse, eBioscience, ThermoFisher Scientific, Waltham, MA, USA), F4/80-APC (rat IgG2ak, eBioscience), Ly6G-PE (rat IgG2ak, Pharmingen, San José, CA, USA), CD3-PECy7 (Hamster IgG, eBioscience), NK1.1-APC (mice IgG2ak anti-mouse, Pharmingen), CD8a-PE (2.4G2, Cultek, Madrid Spain), F4/80-PE (rat IgG2ak, eBioscience), Ly6C-FITC (rat IgMk, anti-mouse, Pharmingen), and CCR2-APC (rat IgG2B, R&D Systems, Minneapolis, MN, USA) or their corresponding isotype controls for 20 min at room temperature. Flow cytometry data were acquired with a FACSCanto II (BD Biosciences, Madrid, Spain) and data analysis was performed using Cytomics FC500 with the CXP program.

2.9. Hepatocyte culture and procedures {#sec2.9}
--------------------------------------

Immortalized hepatocytes were generated from wild-type and PTP1B-deficient mice as previously described [@bib8] and were grown in Dulbecco\'s modified Eagle\'s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin), and 2 mM [l]{.smallcaps}-glutamine at 37 °C in a humidified atmosphere with 5% CO~2~. For Nile Red staining, hepatocytes were fixed in paraformaldehyde (4%) and resuspended in Nile Red working solution (0.4 μg/ml). The fluorescence was determined using a FACScan flow cytometer (BD Biosciences). For bromopalmitate uptake analysis, confluent wild-type and PTP1B-deficient hepatocytes were washed with PBS and incubated for 50 min in Krebs--Ringer buffer without glucose, containing 125 mM NaCl, 5 mM KCl, 2 mM CaCl~2~, 1.25 mM KH~2~PO~4~, 1.25 mM MgSO~4~.7H~2~O, 25 mM NaHCO~3~ pH 7.4, 3% fatty acid-free bovine serum albumin (BSA), and saturated oxygen. At the end of the incubation, 1 mM (final concentration) [l]{.smallcaps}-carnitine (Sigma--Aldrich, Saint Louis, MO, USA), 80 μM PA (Sigma--Aldrich), and 20 μM ^14^C-palmitic acid (58 μCi/μmol, Perkin Elmer, Waltham, MA) were added for a further 10 min. Then, cells were washed with PBS and scraped in cold buffer (0.25 M sucrose, 10 mM Tris HCl, 1 mM EDTA, and 1 mM dithiothreitol, pH 7.4). After two cycles of freezing/thawing in liquid nitrogen, radioactivity was counted in a Wallac 1409 counter (EG&G Company, USA). Results were normalized to total protein content of cell extracts and expressed as nmol/mg protein.

2.10. Macrophage culture and procedures {#sec2.10}
---------------------------------------

Peritoneal macrophages isolated from wild-type and PTP1B-deficient mice as previously described [@bib33] were used for *in vitro* experiments and were cultured with RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum (FCS) and antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin) at 37 °C in a humidified atmosphere with 5% CO~2~. Confluent macrophages were treated with BSA or palmitate solutions (500 μM final concentration conjugated palmitate/BSA) for different time periods. For analysis of nitrite accumulation, the Griess method was used. Briefly, nitrites turn into a pink compound in contact with an acid solution (1% sulphanilamide and 0.1% N-(1-naphthyl) ethylenediamine (NEDA), and can be quantified by a colorimetric method at 540 nm in a microplate reader (Versamax Tunable Microplate reader, Molecular Devices, Sunnyvaley, CA, USA).

2.11. Oval cell culture and procedures {#sec2.11}
--------------------------------------

Wild-type and PTP1B-deficient mice were treated with 3,5-diethoxycarbonil-1,4-dihydrocollidine (DDC) diet for 14 days. Oval cell-enriched non-parenchymal cell fraction was isolated from these mice. Subsequently, oval cells were selected and expanded until generation of stable oval cell lines as described [@bib34]. Cells were maintained in culture medium containing Williams E medium supplemented with 10% FBS, 2 mM [l]{.smallcaps}-glutamine, 20 mM Hepes, pH 7.5, 1 mM Na pyruvate, 17.6 mM NaHCO~3~, 14 mM glucose, 100 nM Dexamethasone, 1 g/L insulin-transferrin-selenium, 10 ng/ml epidermal growth factor (EGF), and 10 ng/ml hepatocyte growth factor (HGF). For signaling experiments, cells were serum starved for 16 h prior to stimulation with HGF (40 ng/ml; Preprotech, London, UK). For immunofluorescence, cells were grown in polymer coverslip open microslides (Ibidi, ibidi GmbH, German) until 80% confluence was reached. Then, cells were washed twice with PBS, after that were fixed in 4% paraformaldehyde for 20 min at RT and then permeabilized with 0.1% Triton X-100 during 2 min. After that, cells were blocked in PBS-3% BSA during 2 h at room temperature. Primary antibodies (A6 kindly supplied by V. Factor (NIH, MD, USA)) or albumin (Merck Millipore) were applied for 1 h at 37 °C in PBS-1% BSA followed by 4 × 5 min washes in PBS, a 45 min incubation with fluorescence-conjugated secondary antibody (Alexa Fluor 565 goat anti-rat or Alexa Fluor 488 goat anti-rabbit, ThermoFisher Scientific) and four final washes of 5 min each in PBS. Immunofluorescence was examined in a confocal microscope LSM710 (Zeiss, Barcelona, Spain). Immunofluorescence mounting medium was from Vector (Burlingame, CA, USA). For 4,6-diamidino-2-phenylindole (DAPI) staining, cells were washed with PBS, fixed in methanol (−20 °C) for 2 min and stained with 1 μM DAPI for 5 min in the dark. After washing with PBS, nuclear morphology was analyzed by fluorescence or confocal microscopy. For evaluation of the proliferative capacity of oval cells, 150,000 cells were seeded in 6-well multiwell plates and maintained in complete culture medium up to 48 h. The proliferative capacity was analyzed at different time-periods by crystal violet staining.

2.12. Western blot analysis {#sec2.12}
---------------------------

After SDS-PAGE, gels were transferred to PVDF membranes and were blocked using 5% non-fat dried milk or 3% bovine serum albumin (BSA) in 10 mM Tris--HCl, 150 mM NaCl pH 7.5, and incubated overnight at 4 °C with several antibodies as indicated in 0.05% Tween-20, 10 mM Tris--HCl, 150 mM NaCl pH 7.5. Immunoreactive bands were visualized using the ECL western blotting protocol (Bio-Rad, Madrid, Spain). Densitometric analysis of the bands was performed using Image J software. Antibodies used were: anti-phospho Met (Tyr1234/1235) (\#3126), anti-phospho ERK1/2 (Thr202/Tyr204) (\#4370), and anti-ERK (\#9102) from Cell Signaling Technology (Danvers, MA, USA), anti-PTP1B (07-088) from Merck Millipore, and anti-Met (sc-162) from Santa Cruz Biotechnology (Palo Alto, CA, USA).

2.13. Statistical analysis {#sec2.13}
--------------------------

Data are presented as mean ± SEM. Normal distribution was assessed by two different tests, Shapiro--Wilk and Kolmogorov--Smirnov tests. Data were compared by using one-way ANOVA or Kruskal--Wallis followed by a Bonferroni or Dunns test, respectively. The P values presented in figures and tables corresponded to post hoc test. All statistical analyses were performed using the GraphPad Prism 5.0 software (GraphPad Software Inc., San Diego, CA, USA) and SPSS 15.0 software (SPSS, Inc., Chicago, IL, USA). Differences were considered statistically significant at P \< 0.05.

3. Results {#sec3}
==========

3.1. PTP1B deficiency accelerated MCD-induced NASH {#sec3.1}
--------------------------------------------------

To clarify the role of PTP1B in NASH, we analyzed wild-type (PTP1BWT) and PTP1B-deficient mice (PTP1BKO) fed chow diet (CHD) or methionine/choline-deficient diet (MCD) for 4 or 8 weeks. All mice lost about 25% of their initial body weight after 4 weeks on MCD or about 35% at 8 weeks regardless of the genotype ([Supplementary Figure 1](#appsec1){ref-type="sec"}). As compared to animals fed CHD, mice receiving MCD displayed a significant loss in liver mass and in all pads of white adipose tissue (WAT) analyzed.

PTP1BWT mice fed MCD exhibited severe NASH features including steatosis, inflammation, and ballooning, and these effects were exacerbated at 8 weeks ([Figure 1](#fig1){ref-type="fig"}A). As expected, alanine aminotransferase (ALT) activity was significantly elevated compared to values of mice fed CHD. Moreover, *Fgf21* mRNA levels, a marker of liver damage in NASH [@bib35], increased in a time-dependent manner ([Figure 1](#fig1){ref-type="fig"}B). Interestingly, PTP1B deficiency accelerated MCD-induced NASH as reflected by changes in liver histology, serum ALT, and *Fgf21* mRNA levels.Figure 1**Lack of PTP1B accelerated MCD-induced NASH. A.** Representative images of Hematoxylin & Eosin staining, and NAFLD score (NAS). **B.** Serum ALT and hepatic *Fgf21* mRNA levels. **C**. Serum TG levels. **D**. Hepatic TG content and *Cd36* mRNA levels. Experimental groups: PTP1BWT and PTP1BKO mice fed chow (CHD) or methionine/choline-deficient diet for 4 (4wMCD) or 8 weeks (8wMCD) (n = 8--12 animals/group). \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.005, PTP1BKO vs. PTP1BWT; \#P \< 0.05, \#\#P \< 0.01 and \#\#\#P \< 0.005, 4wMCD or 8wMCD vs. CHD. **E**. Bromopalmitate uptake and Nile Red staining in PTP1BWT and PTP1BKO hepatocytes. (n = 4 independent experiments performed in duplicate). \*\*\*P \< 0.005, KO vs. WT.

Serum TG levels decreased after MCD challenge due to the diet-induced impairment of hepatic export of VLDL, as previously described [@bib24], being this reduction more pronounced in mice lacking PTP1B ([Figure 1](#fig1){ref-type="fig"}C). Although the MCD diet increased fat content in the liver of both genotypes, PTP1BKO mice gained hepatic TG in a faster manner compared with PTP1BWT animals ([Figure 1](#fig1){ref-type="fig"}D). In parallel to lipid accumulation, an enhanced increase of *Cd36* mRNA was observed in livers from PTP1BKO mice during the MCD challenge. Curiously, basal mRNA levels of this fatty acid transporter were lower in PTP1BKO mice ([Figure 1](#fig1){ref-type="fig"}D). Thus, we investigated the fatty acid uptake capacity and intracellular lipid accumulation under basal conditions in immortalized hepatocytes from both genotypes. The analysis of bromopalmitate uptake and Nile Red staining showed that PTP1B deficiency also reduced basal fatty acid transport and intracellular lipid content in hepatocytes ([Figure 1](#fig1){ref-type="fig"}E).

3.2. During the MCD challenge, infiltration of proinflammatory non-parenchymal cells (NPCs) was observed in livers from PTP1BWT mice and this effect was enhanced in PTP1BKO mice {#sec3.2}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Besides liver damage caused by fat deposition, NASH is characterized by focal inflammation. Hepatic mRNA levels of proinflammatory markers such us *Il1b*, *Il6*, and *Ccl2* were expressed at higher levels in livers from PTP1BKO mice after feeding MCD diet ([Figure 2](#fig2){ref-type="fig"}A). Interestingly, mRNA levels of M2 markers (*Il4*, *Il13*, and *Arg1*) were also augmented in the livers of those mice compared to PTP1BWT controls ([Figure 2](#fig2){ref-type="fig"}A).Figure 2**PTP1B deficiency enhanced an inflammatory response during the MCD diet challenge. A.** Hepatic mRNA levels of inflammatory markers. **B, C**. Analysis of immune NPCs populations. Experimental groups: PTP1BWT and PTP1BKO mice fed chow (CHD) or methionine/choline-deficient diet for 4 (4wMCD) or 8 weeks (8wMCD) (n = 8--12 animals/group). \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.001, PTP1BKO vs. PTP1BWT; \#P \< 0.05, \#\#P \< 0.01 and \#\#\#P \< 0.005, 4wMCD or 8wMCD vs. CHD.

Next, we evaluated the impact of PTP1B deficiency in the immune responses of the liver during NASH by isolating the NPCs populations followed by flow cytometry analysis in mice fed MCD for 4 and 8 weeks. Activated Kupffer cells (Cd45^+^Cd11b^+^F4/80^+^) were similarly increased in both genotypes of mice after 4 weeks of MCD challenge, but, at 8 weeks, this population was significantly higher in PTP1BKO mice ([Figure 2](#fig2){ref-type="fig"}B). A similar pattern was found in recruited monocytes (CD11b^+^Ccr2^+^), particularly in the newly recruited monocyte subpopulation (CD11b^+^Ccr2^+^Ly6C^+^) ([Figure 2](#fig2){ref-type="fig"}C). As reported by Zhang and co-workers [@bib36], neutrophils play a key role in the establishment of NASH. Taking this into account, the analysis of the Cd45^+^Ly6G^+^F480^-^ population showed a strong increase in livers from MCD-fed PTP1BKO mice at 4 and 8 weeks in comparison with the moderate increase of the PTP1BWT controls ([Figure 3](#fig3){ref-type="fig"}A). As reported in mice fed MCD for 4 weeks [@bib37], the natural killer T (NKT) population (Cd45^+^Cd3^+^NK1.1^+^) was depleted in both genotypes ([Figure 3](#fig3){ref-type="fig"}B), although depletion was higher in PTP1BWT livers. This depletion of the NKT population was maintained in PTP1BWT livers at 8 weeks of the MCD challenge, whereas in PTP1BKO livers the percentage of this population was further decreased compared to the levels found at 4 weeks. Interestingly, cytotoxic NKT cells (Cd45^+^Cd3^+^Cd8^+^NK1.1^+^) were elevated in PTP1BKO livers under basal conditions (CHD) and strongly increased after 8 weeks of MCD intervention in contrast with the moderate increase found in PTP1BWT livers ([Figure 3](#fig3){ref-type="fig"}C).Figure 3**Differential effects on neutrophils and natural killer cells during the MCD challenge between genotypes. A, B, C**. Analysis of immune NPCs populations. Experimental groups: PTP1BWT and PTP1BKO mice fed chow (CHD) or methionine/choline-deficient diet for 4 (4wMCD) or 8 weeks (8wMCD) (n = 8--12 animals/group). \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.005, PTP1BKO vs. PTP1BWT; \#P \< 0.05, \#\#P \< 0.01 and \#\#\#P \< 0.005, 4wMCD or 8wMCD vs. CHD.

3.3. PTP1B deficiency enhanced the proinflammatory response in macrophages loaded with palmitate {#sec3.3}
------------------------------------------------------------------------------------------------

In order to determine the impact of the macrophage population in the exacerbated proinflammatory response observed in the livers of PTP1BKO mice challenged with MCD diet, peritoneal macrophages were isolated from PTP1BWT and PTP1BKO mice and activated with palmitate as a proinflammatory stimulus, and the expression of a series of representative genes of the M1 response was determined. [Figure 4](#fig4){ref-type="fig"}A shows that palmitate-induced nitrite accumulation in macrophages lacking PTP1B was 2-fold higher than the effect found in macrophages from PTP1BWT mice in parallel to a significant up-regulation of *Nos2* expression ([Figure 4](#fig4){ref-type="fig"}B). Moreover, palmitate-mediated induction of *Il6*, *Il1b*, *Tnfa* and *Ccl2* mRNA levels was also enhanced in absence of PTP1B ([Figure 4](#fig4){ref-type="fig"}C).Figure 4**PTP1B deficiency increased the proinflammatory response in macrophages treated with palmitate. A.** Nitrites accumulation. **B, C.** mRNA levels of inflammatory cytokines markers. Peritoneal macrophages were isolated from wild-type and PTP1B-deficient mice treated with palmitate 500 μM. (n = 3 independent experiments performed in triplicate). \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.005, P vs. B; \#P \< 0.05, \#\#P \< 0.01 and \#\#\#P \< 0.005, KO vs. WT.

3.4. PTP1B deficiency accelerates the reversion of NASH in a recovery dietary model {#sec3.4}
-----------------------------------------------------------------------------------

In order to determine whether PTP1B could also affect the reversion of MCD-induced NASH, we performed a recovery experimental model by switching mice already fed MCD to a CHD. For that goal, mice were re-fed with CHD after 8 weeks on MCD and the parameters studied above ([Figure 1](#fig1){ref-type="fig"}) were analyzed at 2, 4, and 7 days after the dietary change. Switching to CHD after 8 weeks of MCD diet resulted in a recovery of body weight, reaching the initial levels after one week ([Supplementary Figure 2](#appsec1){ref-type="sec"}). Moreover, under these conditions restoration of all WAT pads was observed and this effect was faster in PTP1BKO mice, particularly in the epididymal WAT depot.

NASH parameters such as NAFLD score, serum ALT, intrahepatic TG content, and *Fgf2*1 mRNA levels were normalized after the switch to CHD in both genotypes of mice, but this effect was accelerated in PTP1BKO mice compared with PTP1BWT controls ([Figure 5](#fig5){ref-type="fig"}A, B and D). Moreover, PTP1B deficiency improved the restoration of serum TG levels as early as 2 days after the recovery ([Figure 5](#fig5){ref-type="fig"}C). During the recovery period, *Cd36* mRNA significantly decreased in the livers of both genotypes ([Figure 5](#fig5){ref-type="fig"}D). Regarding inflammatory markers, mRNA levels of *Il1b*, *Il6*, and *Ccl2* decreased in both genotypes, although PTP1B deficiency accelerated this process ([Figure 5](#fig5){ref-type="fig"}E). Interestingly, the induction of the M2 markers by MCD observed in livers from PTP1BKO mice was suppressed after switching to CHD ([Figure 5](#fig5){ref-type="fig"}E).Figure 5**Histological and molecular characterization of livers from wild-type and PTP1B-deficient mice re-fed chow diet (CHD) after 8 weeks of methionine/choline-deficient diet (MCD). A.** Representative images of Hematoxylin & Eosin staining, and NAFLD score (NAS). **B.** Serum ALT and hepatic *Fgf21* mRNA levels. **C.** Serum TG levels. **D.** Hepatic TG content and *Cd36* mRNA levels. **E.** Hepatic mRNA levels of inflammatory markers. Experimental groups: PTP1BWT and PTP1BKO re-fed chow diet for 2 (8wMCD+2dCHD), 4 (8wMCD+4dCHD) or 7 days (8wMCD+7dCHD) after 8 weeks of methionine/choline-deficient diet (8wMCD). (n = 8--12 animals/group) \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.005, PTP1BKO vs. PTP1BWT; \#P \< 0.05, \#\#P \< 0.01 and \#\#\#P \< 0.005, 8wMCD+CHD vs. 8wMCD.

3.5. Analysis of NPCs populations during the recovery phase in livers from PTP1BWT and PTP1BKO mice {#sec3.5}
---------------------------------------------------------------------------------------------------

We next addressed the profile of the inflammatory NPCs populations during the recovery period. NPCs were isolated from mice fed MCD during 8 weeks and switched to CHD for 4 days. Recruited monocytes (Cd11b^+^Ccr2^+^) did not change in PTP1BWT livers during the recovery; however, in PTP1BKO mice, this population decreased significantly ([Figure 6](#fig6){ref-type="fig"}A). Interestingly, the newly recruited monocyte subpopulation (Cd11b^+^Ccr2^+^Ly6C^+^) was increased in both genotypes ([Figure 6](#fig6){ref-type="fig"}A). Substantial differences among genotypes in the recovery phase were found in NKT cells (Cd45^+^Cd3^+^NK1.1^+^) that decreased exclusively in PTP1BKO livers ([Figure 6](#fig6){ref-type="fig"}B). The decrease in NKT cells was particularly relevant in the cytotoxic NKT subpopulation (Cd45^+^Cd3^+^Cd8^+^NK1.1^+^) that was highly elevated in PTP1BKO mice after 8 weeks of MCD challenge and dramatically decreased at 4 days of the recovery, reaching similar levels found in PTP1BWT mice ([Figure 6](#fig6){ref-type="fig"}C).Figure 6**Analysis of NPCs population during the recovery phase in livers from PTP1BWT and PTP1BKO mice. A, B, C**. Analysis of immune NPCs populations. Experimental groups: PTP1BWT and PTP1BKO re-fed chow diet for 4 (8wMCD+4dCHD) after 8 weeks of methionine/choline-deficient diet (8wMCD). (n = 8--12 animals/group) \*\*P \< 0.01 and \*\*\*P \< 0.005, PTP1BKO vs. PTP1BWT; \#\#\#P \< 0.005, 8wMCD+4dCHD vs. 8wMCD.

3.6. Enhanced proliferative capacity in livers from PTP1BKO mice {#sec3.6}
----------------------------------------------------------------

To investigate the possibility of a compensatory proliferative response of liver cells to MCD-induced NASH, Ki67 immunostaining was performed. The number of cells immunopositive for Ki67 was modestly increased in mice fed MCD for 8 weeks compared to mice fed CHD, although a higher elevation in livers from PTP1BKO mice was detected ([Figure 7](#fig7){ref-type="fig"}A and B). By contrast, the number of Ki67-positive cells markedly increased at 2--4 days of the recovery period, again with a more pronounced effect in PTP1BKO livers, suggesting a higher proliferative capacity of these liver cell population. Ki67 immunostaining declined after 7 days of the recovery ([Figure 7](#fig7){ref-type="fig"}A and B).Figure 7**Enhanced proliferative capacity and expression of oval cell markers in livers from PTP1BKO mice. A.** Representative images of Ki67 immunostaining. **B**. Quantification of Ki67-positive cells. **C.** Hepatic mRNA levels of oval cell markers. Experimental groups: PTP1BWT and PTP1BKO fed chow (CHD) or methionine/choline-deficient diet for 4 (4wMCD) or 8 weeks (8wMCD), or re-fed chow diet for 2 (8wMCD+2dCHD), 4 (8wMCD+4dCHD) or 7 days (8wMCD+7dCHD) after 8 weeks of MCD. (n = 8--12 animals/group) \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.005, PTP1BKO vs. PTP1BWT; \#P \< 0.05, \#\#P \< 0.01 and \#\#\#P \< 0.005, 8wMCD+CHD vs. 8wMCD. **D**. Hepatic mRNA levels of oval cell markers in livers from NAFL and NASH patients. \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.005, NAFL or NASH vs. NL.

3.7. Markers of hepatic oval cells are increased in PTP1BKO mice with NASH and in livers from NASH patients {#sec3.7}
-----------------------------------------------------------------------------------------------------------

It is well known that, upon a severe liver injury, rodent oval cells are able to actively proliferate and to differentiate to mature hepatocytes. Based on that, we next evaluated the mRNA levels of two well-characterized oval cell markers cytokeratin 19 (*Krt19*) and EpCAM (*Epcam*) [@bib38]. As shown in [Figure 7](#fig7){ref-type="fig"}C, *Epcam* mRNA was induced in the livers of mice fed MCD; this effect being significantly increased in PTP1BKO mice. After switching to CHD, *Epcam* mRNA decreased in the same way in both genotypes of mice. Regarding *Krt19* mRNA, it was increased by MCD intervention exclusively in the livers of PTP1BKO mice. In the recovery period, it was elevated in both genotypes after 4 days of the MCD withdrawal but, again, significant higher levels were detected in PTP1BKO mice. As occurred with *Epcam*, *Krt19* mRNA levels declined at day 7 of the recovery period in both genotypes of mice. Interestingly, in NASH patients ([Supplementary Table 1](#appsec1){ref-type="sec"}), hepatic mRNA levels of *Epcam* and *Krt19* were up-regulated compared to individuals with normal liver ([Figure 7](#fig7){ref-type="fig"}D).

3.8. PTP1B deficiency enhances the induction of oval cell proliferation in the DDC model {#sec3.8}
----------------------------------------------------------------------------------------

In order to further decipher whether PTP1B is a key player in the plasticity of oval cells, we used a well-known and very efficient rodent model of liver damage associated to oval cells proliferation, the 3,5-diethoxycarbonil-1,4-dihydrocollidine (DDC)-supplemented diet [@bib34]. Following feeding a DDC diet for 14 days, hepatocellular hypertrophy in centrilobular and periportal areas, known as ductular reaction, was detected. This was accompanied by the proliferation of biliary epithelial/oval cells in these areas achieved by cytokeratin 19 (CK19) immunostaining in liver sections from both genotypes ([Figure 8](#fig8){ref-type="fig"}A). We also found increased intensity and expanded areas of CK19 immunostaining in livers lacking PTP1B. Consistent with this, PTP1B-deficient mice treated with DDC diet presented higher levels of *Krt19* and *Epcam* mRNA levels in the liver than PTP1BWT mice ([Figure 8](#fig8){ref-type="fig"}B).Figure 8**Characterization and responsiveness to HGF of oval cell isolated from wild-type and PTP1B-deficient mice treated with DDC.** A. Representative images of cytokeratin 19 (CK19) immunostaining. **B.** Hepatic mRNA levels of oval cell markers. Experimental groups: PTP1BWT and PTP1BKO treated with DDC for 14 days. (n = 6--8 animals/group) \*P \< 0.05, PTP1BKO vs. PTP1BWT; \#\#P \< 0.01 and \#\#\#P \< 0.005, DDC vs. CHD. **C**. Representative images of immunofluorescence of oval cells markers. **D**. Representative blots with the indicated antibodies and quantification of blots corresponding to all experiments performed. **E.** Crystal violet assay. PTP1BWT and PTP1BKO oval cells were isolated from wild-type and PTP1B-deficient mice treated with DDC (n = 3 independent experiments performed in triplicate). \*\*P \< 0.01 and \*\*\*P \< 0.005, KO vs. WT; \#\#P \< 0.01 and \#\#\#P \< 0.005, vs. basal condition.

To get new insights on the impact of PTP1B deficiency in oval cells, we isolated oval cells from DDC-treated PTP1BWT and PTP1BKO livers and established them in culture. We characterized oval cell markers by immunostaining with anti-albumin and anti-A6 antibodies. As shown in [Figure 8](#fig8){ref-type="fig"}C, both genotypes of oval cells were positive for albumin and A6. Given that HGF is a well-known mitogen for liver oval cells [@bib34], [@bib39], we checked that oval cell lines expressed the HGF receptor (Met) and responded to HGF stimulation by inducing its tyrosine phosphorylation. As shown in [Figure 8](#fig8){ref-type="fig"}D, oval cells stimulated with HGF (40 ng/ml) induced the tyrosine phosphorylation of the HGF receptor (Met) in a time-dependent manner. Interestingly, Met phosphorylation was enhanced in PTP1BKO oval cells, suggesting that these cells are hypersensitive to HGF stimulation in a similar way as hepatocytes [@bib10]. Activation of downstream targets of Met, such as extracellular signal--regulated kinase 1/2 (ERK1/2), was also enhanced when PTP1B was deleted. Of note, the lack of PTP1B in oval cells was verified by western blot. Finally, we analyzed the proliferation capacity of both genotypes of cells in response to complete medium containing HGF. [Figure 8](#fig8){ref-type="fig"}E shows that PTP1B deficiency in oval cells enhanced their proliferation capacity compared with the wild-type controls.

4. Discussion {#sec4}
=============

The role of PTP1B as a metabolic modulator has been extensively reported in preclinical models of diet-induced insulin resistance and obesity in mice with global or tissue-specific deletion of the *Ptpn1* gene [@bib4], [@bib6] as well as in humans [@bib40]. On the other hand, NAFLD is a chronic liver disease that, in its initial stages, is directly associated with fatty liver and hepatic insulin resistance, in which PTP1B plays also a major role [@bib6], [@bib27], [@bib41]. Despite this extensive knowledge, much less is known on the involvement of PTP1B during NAFLD progression, particularly in NASH, in which the inflammatory component is crucial for disease progression. This is a particular relevant issue because a dual role of PTP1B has been described; in non-immune cells such as hepatocytes promoting insulin resistance and cell death [@bib5], [@bib9] and in immune cells (macrophages and B cells) inhibiting the proinflammatory responses [@bib11], [@bib12], [@bib13], [@bib42]. Importantly, as PTP1B-deficient mice do not develop hepatic steatosis on a HFD [@bib10] or during aging [@bib27], experimental conditions that implicate obesity/adiposity, to unravel a possible dual role of this phosphatase in NASH, we made use of the MCD diet as a non-obese trigger of NASH that concurs mainly with steatosis and inflammation, two effects oppositely modulated by PTP1B.

MCD diet induced NASH in a time dependent-manner in both PTP1BWT and PTP1BKO mice as demonstrated by the histopathological evaluation of liver sections, elevations of serum ALT and hepatic *Fgf21* mRNA, which are indicative of liver injury [@bib43], and by increases in *Cd36* mRNA expression and intrahepatic TG content, an indicator of enhanced lipid overload. Importantly, our results have revealed that all these effects were accelerated in PTP1BKO mice, suggesting that PTP1B deficiency increases the susceptibility to lipid accumulation and, consequently, accelerates and sustains the lipotoxic damage in the liver. Curiously, basal *Cd36* mRNA levels in the liver as well as fatty acid uptake in hepatocytes were lower in the absence of PTP1B. Therefore, further investigation is needed to identify a possible role of PTP1B in fatty acid transport.

As stated above, MCD challenge induced hepatic focal inflammation that is likely due to hepatocyte lipotoxicity [@bib44]. In agreement with Nasimian and co-workers [@bib45], and with the increased steatosis found in MCD-fed PTP1BKO mice compared to the PTP1BWT controls, the lack of PTP1B resulted in a higher expression of the M1 responsive genes in macrophages loaded with palmitate. Likewise, mRNA levels of M1 proinflammatory cytokines were strongly elevated in PTP1BKO livers from MCD-fed mice. In this context, flow cytometry analysis revealed higher presence of resident macrophages (Kupffer cells) in PTP1BKO livers after 8 weeks of MCD intervention. Interestingly, M2 markers, particularly IL4 and arginase 1, were also induced in livers from PTP1BKO during the time-course of MCD dietary intervention, reaching higher levels than those of the PTP1BWT controls. These results suggest that in PTP1BKO livers, the M2 response might be a compensatory mechanism against an excessive M1-mediated inflammation. A more extensive analysis of the NPCs in the liver identified higher recruitment of monocytes in PTP1BKO mice under MCD at both 4 and 8 weeks. Notably, the percentage of newly recruited monocytes (Cd11b^+^Ccr2^+^Ly6C^+^) was only increased in mice lacking PTP1B at 8 weeks, likely due to the sustained lipotoxic damage as suggested by Xiao and co-workers [@bib46]. Infiltration of neutrophils is a main immune feature of the early stage of NASH as demonstrated by Zhang and co-workers [@bib36]. In this regard, the livers of both genotypes of mice responded with an early and sustained elevation of infiltrated neutrophils (Cd45^+^Ly6G^+^), although this response was manifested more elevated in PTP1BKO mice. Also, NKT (Cd45^+^Cd3^+^NK1.1^+^) cells expansion is a hallmark of enhanced NASH in rodents and humans [@bib47], and depletion of this population has been reported in mice fed MCD for 4 weeks [@bib37] an effect abolished in immunized mice with more severe NASH. Our results in mice fed MCD for 4 weeks are totally in agreement with these data since PTP1BKO mice presented lower NKT cells depletion at this time-period in which substantial differences in the NAFLD score were detected in comparison with PTP1BWT mice. Another relevant piece of data was found in the cytotoxic NKT subpopulation (Cd45^+^Cd3^+^Cd8^+^NK1.1^+^), which presented a significant increase in PTP1BKO mice after 8 weeks of MCD challenge. In this regard, increases in both Cd8^+^T and NKT cells have been recently described as an immune feature of NASH in HFHC obesogenic murine model (Bhattacharjee et al., *in press*). Altogether, our data strongly suggest that the differences in lipotoxicity between PTP1BKO and PTP1BWT livers parallel with the profile of recruitment of inflammatory cells populations.

After the establishment of NASH, we implemented a recovery experimental model by replacing MCD diet for CHD. This dietary switch almost reversed all NASH characteristics in both genotypes after 7 days in agreement with other studies performed in this intervention model [@bib44], [@bib48]. Of relevance and opposite with its effects on NASH progression, the lack of PTP1B accelerated the reversion of NASH. In fact, a more profound drop of intrahepatic TG content and transaminase levels together with an elevation of serum TG were detected, particularly at a very early period (2 days) of the recovery phase. Interestingly, these changes are likely to be responsible of the recovery of the fat depots that was augmented in PTP1BKO mice. In addition, after 4 days of recovery, the time at which the differences in the NAFLD score between genotypes were more evident, *Ccl2 and Il1b* mRNA levels decreased significantly in PTP1BKO compared to the PTP1BWT livers concurrently with the maintenance of the expression of M2 markers. Indeed, a more detailed analysis of NPCs revealed decreases in recruited monocytes and cytotoxic NKT cells in PTP1BKO mice.

The acceleration of NASH reversion in PTP1BKO mice was not surprising since our previous work demonstrated that PTP1B deficiency improves liver regeneration in mice after partial hepatectomy [@bib10] and protects against cell death [@bib8], indicating a higher proliferative/survival capacity of liver cells in the absence of PTP1B. Indeed, we found a higher proliferative capacity of the livers from PTP1BKO mice particularly during the early phases of NASH reversion achieved by an increased number of Ki67-positive cells. The molecular mechanism responsible of this effect likely involve tyrosine kinase receptors such as EGF receptor, HGF receptor (Met) or insulin-like growth factor-1 receptor (IGF1R), implicated in the control of proliferation and survival of hepatocytes, all of them dephosphorylated and inactivated by PTP1B [@bib49]. In this regard, we have described that PTP1B deficiency increases liver growth enhancing the STAT5B/IGF1/IGF1R axis during suckling [@bib50]. In addition, the faster recovery of PTP1BKO livers against NASH damage might also involve an effect on hepatic oval cells since their proliferation positively correlates with the extent of liver damage [@bib51].

The role of oval cells in chronic liver damage is a matter of intense debate nowadays, having been reported both proregenerative and profibrotic roles [@bib52]. Our data showing a greater oval cell expansion in PTP1BKO livers that is coincident with a more efficient recovery from liver damage during NASH suggest that these cells could be actively contributing to the regression of the disease. We confirmed these results by treating both genotypes of mice with DDC, a specific dietary model of oval cell expansion, and found that the lack of PTP1B enhanced hepatic mRNA levels of the oval cells markers CK19 and EpCAM compared to the controls, and induced a more evident CK19-immunoreactive ductular reaction. In the light of our data, a recent study has reported an enhanced hepatic regeneration in mice with fibrosis by transplantation of differentiated oval-like cells [@bib53]. Although chronic loss of hepatocytes is associated with regenerative efforts characterized by continuous hepatocyte proliferation and often has adverse consequences such as development of cirrhosis or liver cancer [@bib54], [@bib55], the marked decrease in Ki67 positive cells at the end of the recovery phase, where no evidences of liver damage were observed, provide evidence of a controlled proliferative response of the liver under our experimental model.

Our initial experiments performed in oval cells isolated from PTP1BKO livers revealed an enhanced response to HGF-mediated signaling and proliferation compared with oval cells isolated from PTP1BWT livers. These results are in agreement with the enhanced HGF signaling previously found in PTP1BKO hepatocytes after partial hepatectomy [@bib10] or acute liver injury [@bib9], and highlight a unique role of this phosphatase in modulating the regenerative responses of the liver against both acute [@bib9], [@bib10] and chronic damage (this study). This relevant issue deserves future research since it might offer a new therapeutic option to combat NASH.

In conclusion, this study has provided for the first time an experimental model evidencing the duality of PTP1B actions in the liver. Our results strongly suggest that during NASH progression PTP1B restrains inflammation, whereas in NASH reversion, this phosphatase targets the proliferative responses mediated by Met signaling in oval liver cells. This duality of PTP1B actions must be recognized for pharmacological purposes in chronic liver diseases such as NASH.
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The following are the supplementary data related to this article:mmc1Supplementary Figure 1A. Body weight curves. **B**. Liver weight. **C**. Epididymal white adipose tissue (eWAT) and inguinal white adipose tissue (iWAT) weight. \*P \< 0.05, PTP1BKO vs. PTP1BWT; \#P \< 0.05, \#\#P \< 0.01 and \#\#\#P \< 0.005, 4wMCD or 8wMCD vs. CHD.Supplementary Figure 2A. Body weight curves. **B**. Liver weight. **C**. Epididymal white adipose tissue (eWAT) and inguinal white adipose tissue (iWAT) weight. \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.005, PTP1BKO vs. PTP1BWT; \#P \< 0.05, \#\#P \< 0.01 and \#\#\#P \< 0.005, 8wMCD+CHD vs. 8wMCD.
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